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Abstract 
*HRVFLHQFH$XVWUDOLDDQGWKH&2&5&RSHUDWHDJUHHQKRXVHJDVFRQWUROOHGUHOHDVHIDFLOLW\DWDQH[SHULPHQWDODJULFXOWXUDOVWDWLRQ
PDLQWDLQHGE\&6,523ODQW,QGXVWU\LQ&DQEHUUD$XVWUDOLD7KHIDFLOLW\LVGHVLJQHGWRVLPXODWHVXUIDFHHPLVVLRQVRI&2DQG
RWKHUJUHHQKRXVHJDVHVIURPWKHVRLOLQWRWKHDWPRVSKHUH2YHUGLIIHUHQWQHDUVXUIDFHPRQLWRULQJWHFKQLTXHVZHUHWULDOOHG DW
WKH*LQQLQGHUUDFRQWUROOHGUHOHDVHVLWHGXULQJ7KHVHLQFOXGHGVRLOJDVVRLO&2IOX[VRLODQDO\VLVHGG\FRYDULDQFH
&2ODVHUQREOHJDVWUDFHUVDLUERUQHK\SHUVSHFWUDOLQILHOGSKHQRW\SLQJWKHUPDOK\SHUVSHFWUDODQG'LPDJLQJDQGPLFURELDO
VRLOJHQRPLFV5HVXOWKLJKOLJKWVDUHSUHVHQWHG'LIIHUHQWFOLPDWLFFRQGLWLRQVIRUWKHHDUO\UHOHDVHH[SHULPHQWZHWDQGODWH
UHOHDVHH[SHULPHQW GU\UHVXOWHG LQPDUNHGO\GLIIHUHQWVXEVXUIDFHSOXPHEHKDYLRXUDQGVXUIDFHH[SUHVVLRQRI&27KH
GLIIHUHQFHVEHWZHHQWKH\HDUVDUHDWWULEXWHGWRFKDQJHVLQJURXQGZDWHUOHYHOVDQGGULHUFRQGLWLRQVOHDGLQJWRDODUJHUYDGRVH]RQH
GXULQJWKHH[SHULPHQW
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG


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1. Introduction 
(QVXULQJ VDIHDQGSHUPDQHQW VWRUDJHRIFDUERQGLR[LGH LVHVVHQWLDO IRUDQ\FDUERQFDSWXUHDQGVWRUDJHSURMHFW
7KH*LQQLQGHUUDSURMHFWZDVGHVLJQHGWRHYDOXDWHWKHHIIHFWLYHQHVVRIGLIIHUHQWQHDUVXUIDFHPRQLWRULQJWHFKQLTXHV
IRUGHWHFWLQJDQGTXDQWLI\LQJ OHDNVDJDLQVWDNQRZQFDUERQGLR[LGH&2VRXUFH7UDFNLQJDQGPHDVXULQJNQRZQ
UHOHDVHVRIJUHHQKRXVHJDVHV LQ WKH ILHOG LV WKHPRVWHIIHFWLYHDSSURDFKIRUDVVHVVLQJFXUUHQWDQGGHYHORSLQJQHZ
PRQLWRULQJWHFKQLTXHV7KHFRQWUROOHGUHOHDVHIDFLOLW\LVDQ$XVWUDOLDQILUVWDQGRQHRIRQO\DIHZVLPLODUIDFLOLWLHV
DURXQG WKH ZRUOG >@ ,W LV GHVLJQHG WR VLPXODWH VXUIDFH HPLVVLRQV RI JUHHQKRXVH JDVHV VXFK DV &2 IURP WKH
JURXQGLQWRWKHDWPRVSKHUHXQGHUFRQWUROOHGFRQGLWLRQVRILQMHFWLRQUDWHDQGYROXPH7KHIDFLOLW\KDVEHHQGHVLJQHG
DQGGHYHORSHGXQGHU D MRLQW YHQWXUHEHWZHHQ WKH&RRSHUDWLYH5HVHDUFK&HQWUH IRU*UHHQKRXVH*DV7HFKQRORJLHV
&2&5&DQG*HRVFLHQFH$XVWUDOLDZLWK&6,52KRVWLQJWKHVLWHDWLWV*LQQLQGHUUD([SHULPHQWDO6WDWLRQLQQRUWK
&DQEHUUD)LJ

7KH $XVWUDOLDQ FOLPDWH DQG VRLOV DUH VXEVWDQWLDOO\ GLIIHUHQW FRPSDUHG WR RWKHU LQWHUQDWLRQDO FRQWUROOHG UHOHDVH
IDFLOLWLHVDQGQHDU VXUIDFHPRQLWRULQJ WHFKQLTXHV WKDWZRUN LQ WKH8.1RUZD\RU0RQWDQD 86$PD\QRWEH DV
HTXDOO\HIIHFWLYHLQ$XVWUDOLD+LJKOLJKWVRIWKHPRQLWRULQJWHFKQLTXHVDSSOLHGXQGHUGLIIHUHQWFOLPDWLFFRQGLWLRQVDUH
SUHVHQWHG
)LJ/RFDWLRQRIWKH*LQQLQGHUUDFRQWUROOHGUHOHDVHIDFLOLW\LQ&DQEHUUD$&7

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2. Methods 
'HWDLOHGVXPPDULHVRIWKHH[SHULPHQWDOHTXLSPHQWDQGFRQGLWLRQVDUHSURYLGHGLQ.XVNHHWDO>@%ULHIO\D
 WRQQH OLTXLG&2 WDQN LV ORFDWHG DW WKH UHOHDVH IDFLOLW\ DQG WKH WDQNZDV UHILOOHG HYHU\RQHWZRZHHNV IRU WKH
GXUDWLRQRIWKHH[SHULPHQWV7KUHHUHOHDVHVZHUHFRQGXFWHGHDUO\)HE0D\NJGIRUGD\VZHW
VHDVRQODWH2FW'HFNJGIRUGD\VGU\VHDVRQDQG2FW'HFNJGIRUGD\V
GU\ VHDVRQ)LJXUH VKRZV D VFKHPDWLF GLDJUDPRI WKH KRUL]RQWDO XQGHUJURXQGSLSH LQVWDOOHG DW WKH*LQQLQGHUUD
FRQWUROOHGUHOHDVHIDFLOLW\&2ZDVUHOHDVHGIURPWKHPVORWWHG+'3(SLSHPXQGHUJURXQGIURPILYHP
ORQJFKDPEHUV %±)7KHZHOO LVRULHQWHGHDVWZHVW7UDFHUV LI XVHGZHUHFRLQMHFWHG LQWRFKDPEHU%ZKLFK LV
ORFDWHGDWWKHZHVWHUQHQGRIWKHILHOG)RUWKHODWHUHOHDVHH[SHULPHQWIRXUGLIIHUHQWFURSW\SHVZHUHVRZQLQ
PZLGHDOWHUQDWLQJURZVSHUSHQGLFXODUWRWKHUHOHDVHZHOO7KHIRXUFURSW\SHVZHUHILHOGSHDVFDQRODEDUOH\DQG
ZKHDW)RUWKHUHOHDVHH[SHULPHQWWKHHDVWHUQKDOIRIWKHILHOGZDVVRZQZLWKZKHDWDQGWKHZHVWHUQKDOIZLWK
ILHOGSHDVERWKLQPZLGHURZVSHUSHQGLFXODUWRWKHUHOHDVHZHOO

6RLOIOX[PHDVXUHPHQWVZHUHWDNHQZLWKD:HVWV\VWHPV&2IOX[PHWHU$&2DQDO\VHU/,$ZDVXVHGDV
DVWDQGDORQHLQIUDUHGJDVDQDO\VHU,5*$ZLWKRXWDVRLOFKDPEHUWRVDPSOHQHDUVXUIDFH&2FRQFHQWUDWLRQVXVLQJD
WXEHFRQQHFWHGWRWKHLQOHW,QRUGHUWRVDPSOHWKHJDVDWDFRQVWDQWKHLJKWWKHLQOHWWXEHZDVSRVLWLRQHGDWFPIURP
WKHJURXQGOHYHORQD7UXPHWHUVXUYH\ZKHHO7KH/,$KDGDQLQWHJUDWHGJOREDOSRVLWLRQLQJV\VWHPWRPDS&2
FRQFHQWUDWLRQRYHUVSDWLDOVFDOHV

)LJ6FKHPDWLFGLDJUDPRIWKHKRUL]RQWDOXQGHUJURXQGSLSHWKDWUHOHDVHV&2DWWKH*LQQLQGHUUDFRQWUROOHGUHOHDVHIDFLOLW\&KDPEHUVDUH
QXPEHUHG$ZHVWHUQHQGULJKWWKURXJK)HDVWHUQHQGOHIW
 $3RVW5XQ7XELQJV\VWHP357ZDVXVHGWRDFFHVVJDVVDPSOHVLQWKHVRLOYDGRVH]RQH357SUREHVZHUH
SHUPDQHQWO\ LQVWDOOHGDWDGHSWKRIPIRU WKHVRLOJDVVDPSOLQJFRQVLVWLQJRIDFPVWDLQOHVVVWHHOVFUHHQDQG
7HIORQ WXELQJ WR WKHVXUIDFH7KHZHOOVZHUHVHDOHGZLWKEHQWRQLWHDERYH WKHVFUHHQHG LQWHUYDO3ULRU WRVDPSOLQJ
DSSUR[LPDWHO\P/ZDVSXUJHG IURP WKH V\VWHPYLDD V\ULQJH DQG WKHQD VRLOJDV VDPSOHZDVSXPSHG LQWRD
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&DOLERQG EDJ &RPSRVLWLRQ DQG WUDFHU DQDO\VLV ZDV FRQGXFWHG XVLQJ *DV &KURPDWRJUDSK\ *& DQG *DV
&KURPDWRJUDSK\±0DVV6SHFWURPHWU\*&06

3ODQWVDPSOHVZHUHWDNHQLQWKHILHOGNHSWRQLFHDQGWKHQWUDQVIHUUHGWRDq&IUHH]HUIRUVWRUDJH&KORURSK\OO
DQDO\VLVDQGH[WUDFWLRQZDVDFFRUGLQJWR$3+$>@DQG3RRUWHUDQGGH-RQ9DQ%HUNHO>@

7ZRHGG\FRYDULDQFHWRZHUV >@ZHUHXVHGGXULQJWKHUHOHDVHH[SHULPHQW7RZHU$FRPSULVHGD9DLVDOD
+035+	7HPSHUDWXUH&6,&6$7VRQLFDQHPRPHWHU/L&RU,5*$.LSSDQG=RQHQ&15UDGLRPHWHU
DQG*LOO:LQG6RQLF'VRQLFDQHPRPHWHU7KH&2VHQVRUZDVSRVLWLRQHGPDERYHWKHJURXQGVXUIDFH7RZHU
%FRPSULVHGDQ,5*$*621,QWHJUDWHG&2+2RSHQSDWKJDVDQDO\VHUDQG'VRQLFDQHPRPHWHU,WDOVRLQFOXGHG
D*LOO'ZLQGVRQLFDQHPRPHWHUDQGDWHPSHUDWXUHSUREHZLWKUDGLDWLRQVKLHOG7KH,5*$*621ZDVORFDWHGP
DERYHWKHJURXQGVXUIDFH$%RUHDO/DVHU*DV)LQGHUWXQDEOHGLRGHRSHQSDWKODVHUZDVXVHGWRWDNHLQWHJUDWHG&2
PHDVXUHPHQWVDFURVVWKHSOXPH7KHODVHUZDVPRXQWHGRQDSURJUDPPDEOHVFDQQHUDQGRSHUDWHGZLWK*DVYLHZ03
VRIWZDUH6HYHQUHWURUHIOHFWRUDUUD\VZHUHSRVLWLRQHGDWPKHLJKWDWYDULRXVORFDWLRQVDFURVVWKHILHOG

$LUERUQHK\SHUVSHFWUDO GDWD LQ WKH6:,5DQG91,5EDQGVZHUH FROOHFWHGXVLQJ D UHVHDUFK DLUFUDIW RI)OLQGHUV
8QLYHUVLW\ $LUERUQH5HVHDUFK$XVWUDOLD $5$$63(&,0$LVD($*/( ,, K\SHUVSHFWUDO VFDQQHU 91,5 
VSHFWUDOEDQGVEHWZHHQDQGQPDQGD63(&,0$LVD+$:.VSHFWUDOEDQGVEHWZHHQDQG
QPZHUHPRXQWHGLQXQGHUZLQJSRGVRI$5$¶V(&2'LPRQDUHVHDUFKDLUFUDIW9+(26HDFKRQHWRJHWKHUZLWKLWV
RZQ2;7657*36,08QDYLJDWLRQDQGDOWLWXGHV\VWHP>@*URXQGEDVHGK\SHUVSHFWUDOPHDVXUHPHQWVZHUH
WDNHQDWPKHLJKWZLWKD+HDGZDOO3KRWRQLFV%K\SHUVSHFWUDOVFDQQHUVSHFWUDOEDQGVEHWZHHQ
DQGQP0RUHGHWDLOVFDQEHIRXQGLQ>@

7KUHHVRLOVDPSOHVFORVHWRWKHJUHDWHVW&2IOX[DQGWKUHHRWKHUVIXUWKHUDZD\ZHUHVDPSOHGIURP±FP
GHSWK EHIRUH GXULQJ DQG DIWHU &2 UHOHDVH $OO VDPSOHV ZHUH PHDVXUHG IRU S+ DQG RWKHU SK\VLFRFKHPLFDO
SURSHUWLHV 6RLO '1$ ZDV H[WUDFWHG DQG DQDO\VHG IRU SRSXODWLRQ GLYHUVLW\ UHODWLRQVKLSV 6 51$ XVLQJ QH[W
JHQHUDWLRQVHTXHQFLQJDQGE\*HR&KLSDQDO\VLVIRUQHDUO\JHQHWLFIXQFWLRQDOJURXSV
3. Results and discussion 
3.1. CO2 plant impacts 
&2KDVDYLVLEOHLPSDFWRQWKHFURSVDQGUHVXOWHGLQSDWFKHVRI\HOORZLQJRUGU\LQJRXWRIWKHSODQWVDERYHWKH
UHOHDVH]RQH)LJDQG7KH\HOORZLQJLQGLFDWHVFKORURVLVDQGWKHLQDELOLW\WRSURGXFHVXIILFLHQWFKORURSK\OO>@

)LJ,PSDFWRIDVKDOORZVXUIDFH&2RQILHOGSHDFURSOHIWDQGZKHDWFURSULJKWDIWHUZHHNV&2H[SRVXUH
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&DQROD VKRZHGDQ LQLWLDO YLVLEOH VWUHVV UHVSRQVH WRHOHYDWHG&2 LQ WKH VRLO]RQHDQG WKH OHDYHV WXUQHGSXUSOH
6LPLODU SODQW UHVSRQVHV DW HOHYDWHG &2 KDYH EHHQ REVHUYHG IRU 'DQGHOLRQ SODQWV E\ /DNNDUDMX HW DO >@ 7KH
SXUSOH FRORUDWLRQ GLVDSSHDUHG ZLWK RQJRLQJ &2 H[SRVXUH IRU WKH FDQROD SODQWV DV WKH\ GULHG RXW DQG GLHG 7KH
YLVLEOH H[WHQW RI WKH LPSDFW RQ WKH SODQWV ZDV LVRODWHG WR VPDOO VHFWLRQV GLUHFWO\ DERYH WKH KRUL]RQWDO ZHOO DQG
W\SLFDOO\ GHILQHG D FLUFXODU SDWWHUQ EHWZHHQ  WR P LQ GLDPHWHU 7KLV ZDV REVHUYHG LQ HDFK RI WKH FURS
H[SHULPHQWVEXWWKHORFDWLRQRIWKHVH&2DIIHFWHGDUHDVFKDQJHGEHWZHHQWKHH[SHULPHQWV

Background    CO2 affected

)LJ,PSDFWRIDVKDOORZVXEVXUIDFH&2OHDNRQWKHODWHFURSVDIWHUZHHNVRIH[SRVXUHWR&2
&RPSDUHGWREDVHOLQHFRQGLWLRQVSULRUWR&2LQMHFWLRQLQWKHODWHUHOHDVHH[SHULPHQWWKHUHLVDVLJQLILFDQW
UHGXFWLRQLQWKHFKORURSK\OO&FRQWHQWIRUILHOGSHDVVDPSOHVWDNHQDWPIURPWKHZHOOVRPHDQGIRU
DQG  GD\V UHVSHFWLYHO\ )LJ  $ VLPLODU EXW OHVV SURQRXQFHG UHGXFWLRQ LV REVHUYHG IRU FKORURSK\OO $ DQG
FKORURSK\OO% GDWD QRW VKRZQ7KLV LV FRQVLVWHQWZLWKSK\VLRORJ\REVHUYDWLRQV HJ SURSRUWLRQRIJUHHQ OHDYHV
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KHLJKWRISODQWVDQGDJHQHUDOGU\LQJRIWKHFURSVWRZDUGVWKHHQGRIWKHH[SHULPHQWGXHWRDFRPELQDWLRQRIWKH
FURSPDWXULW\DQGZDWHUVWUHVV

:LWKLQ WKLV RYHUDOO UHGXFWLRQ LQ FKORURSK\OO FRQWHQW DQG JHQHUDO FURS KHDOWK KRZHYHU WKHUH LV D QRWLFHDEOH
UHGXFWLRQLQFKORURSK\OOFRQWHQWIRUSODQWVH[SRVHGWRKLJK&2VRLOIOX[HV)RUILHOGSHDVDPSOHVWDNHQGD\VDIWHU
LQMHFWLRQWKHUHGXFWLRQDWPLVORZHUFRPSDUHGWREDFNJURXQGVDPSOHVWDNHQDWP)LJ)RUVDPSOHV
WDNHQDWGD\VDIWHULQMHFWLRQWKHUHZHUHLQVXIILFLHQWYLDEOHSODQWVDWPWRWDNHWKHPLQLPXPJUHHQOHDIVDPSOHV
UHTXLUHGIRUWKHDQDO\VLVEXWEHWZHHQ±PIURPWKHZHOOWKHUHLVDUHGXFWLRQRIEHORZWKHPEDFNJURXQG
VDPSOHV6LPLODUUHVSRQVHVZHUHREVHUYHGLQWKHZKHDWVDPSOHV7KHUHZHUHQRJUHHQOHDYHVWRDQDO\VHGLUHFWO\RYHU
WKHZHOOEXW WKHFKORURSK\OO&FRQWHQWDWPZDVORZHU WKDWEDFNJURXQG OHYHOVDWPIURP WKHZHOO7KH
FKDQJHVLQFKORURSK\OO&FRQWHQWZDVRQHRIWKHVWURQJHVWLQGLFDWRUVRIWKHLPSDFWRI&2RQWKHFURSV

)LJ,PSDFWRIDVKDOORZVXUIDFH&2RQFKORURSK\OO&FRQWHQWIRUWKHILHOGSHDFURSOHIWDQGZKHDWFURSULJKW1RJUHHQOHDYHVWR
VDPSOHDIWHUGD\V
3.2. Airborne hyperspectral 
%URDGVFDOHOHDNGHWHFWLRQWHFKQRORJLHVDUHQHFHVVDU\IRUVXUYH\LQJDUHDVEH\RQGKLJKULVN ORFDWLRQVDQGDUHWKH
VXEMHFW RI RQJRLQJ UHVHDUFK $LUERUQH K\SHUVSHFWUDO DQG WKHUPDO VFDQQLQJ PHDVXUHPHQWV ZHUH WDNHQ RYHU &2
LPSDFWHGPDWXUHZKHDWDQGILHOGSHDFURSVLQ'U\FRQGLWLRQVDQGWKHODWHPDWXULW\VWDWHRIWKHFURSVVWURQJO\
LQIOXHQFHGWKHHIIHFWLYHQHVVRIWKHUHPRWHVHQVLQJWHFKQLTXHVIRU&2OHDNGHWHFWLRQ7KHJHQHUDOO\GU\FRQGLWLRQVRI
WKHFURSVPHDQWLWZDVGLIILFXOWWRGLIIHUHQWLDWHEHWZHHQZDWHUKHDWVWUHVVHGSODQWVDQGSODQWVDGGLWLRQDOO\DIIHFWHGE\
&2 +RZHYHU SUHOLPLQDU\ DQDO\VLV LQGLFDWHV WKDW VRPH YHJHWDWLRQ LQGLFHV )LJ  VKRZ VRPH SURPLVH /RZ
UHVSRQVHVYDOXHVIRUWKHFKORURSK\OOQRUPDOL]HGGLIIHUHQFHLQGH[&KO1',DUHFRLQFLGHQWZLWKORFDWLRQVRIHOHYDWHG
&2VXUIDFHVRLOIOX[LQWKHILHOGDQGWKHVHKDYHDPRUHGLIIXVHVKDSHFRPSDUHGWRWKHVWURQJGDUNOLQHVIRUURDGV
EXLOGLQJVVSHFWUDOJURXQGWDUJHWVDQGRWKHUVWUXFWXUHVQHDUE\)LHOGVFRQWDLQLQJSDVWXUHDERYHWRWKHOHIWDQGULJKWRI
WKHFURSSHGILHOGVGRQRWKDYHWKHVHUHGVSRWV8QIRUWXQDWHO\DVLPLODUORZUHVSRQVHLVREVHUYHGLQWKHDGMDFHQWILHOG
EHORZZKLFKFRQWDLQVDGHDGILHOGSHDFURS7KLVHPSKDVL]HVWKHFKDOOHQJHVRIUHGXFLQJIDOVHSRVLWLYHVKRZHYHU
WKURXJKDFRPELQDWLRQRIVXLWDEOHLQGLFHVSRVVLEO\VKDSHFODVVLILFDWLRQLHORRNLQJIRUFLUFXODUIHDWXUHVDQGDHULDO
SKRWRJUDSK\ JUHDWHU VHOHFWLYLW\ PD\ EH SRVVLEOH )XUWKHU DGYDQFHV LQ K\SHUVSHFWUDO PHDVXUHPHQWV DQG LPDJH
SURFHVVLQJFRXOGSURYLGHWRWKHFDSDFLW\IRU&2OHDNGHWHFWLRQRIZLGHDUHDVDWUHODWLYHO\ORZFRVW3DWWHUQVRISODQW
VWUHVVGXHWRQDWXUDOFDXVHVDUHOLNHO\WRUHSHDW\HDUE\\HDUEHLQJOLQNHGIRUH[DPSOHWRVRLOIHUWLOLW\DQGGUDLQDJH
ZKHUHDVGDPDJHFDXVHGE\&2ZLOOQRWQHFHVVDULO\IROORZWKHVHSDWWHUQVLQVSDFHDQGWLPH

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

)LJ&RPSDULVRQEHWZHHQD&KORURSK\OOQRUPDOLVHGGLIIHUHQFHLQGH[&KO1',DQGE&2VRLOIOX[PDSRYHUODLGRQDHULDOSKRWRWDNHQRQ
WKH
3.3. Phenomobile hyperspectral 
$FRPSDULVRQEHWZHHQKLJKUHVROXWLRQJURXQGEDVHGK\SHUVSHFWUDOPHDVXUHPHQWVWDNHQGXULQJZLWKWKH
3KHQRPRELOH>@DQGK\SHUVSHFWUDOPHDVXUHPHQWVREWDLQHGXVLQJDQDLUFUDIWLVSUHVHQWHGLQ)LJXUH7KH
3KHQRPRELOHDFTXLUHGK\SHUVSHFWUDOLPDJHU\DSSUR[LPDWHO\PDERYHHDFKURZRIFURSVEHWZHHQWKHPDQG
PVRLOJDVWUDQVHFWV)LJ:KLOHWKHKLJKUHVROXWLRQGDWDFRYHUDJHZDVOHVVWKDQWKDWREWDLQHGIURPWKH
DLUFUDIWPXFKJUHDWHUGLVFULPLQDWLRQLVDSSDUHQWZLWKLQWKH3KHQRPRELOHVXUYH\H[WHQWSDUWLFXODUO\EHWZHHQ
GLIIHUHQWSODQWVSHFLHV)LJ7KHFDQRODLQSDUWLFXODUVKRZVDVWURQJ&KO1',UHVSRQVHDQGWKHORFDWLRQRIWKH
OHDNLVFOHDUO\YLVLEOHWKHFHQWUDOURZLHFHQWUDOEODFNDUHD7KHZKHDWDQGEDUOH\FURSVKDGDPXFKORZHU&KO
1',UHVSRQVHGXHWRWKHORZHUJURXQGFRYHUFRPSDUHGWRWKHFDQRODDQGILHOGSHDV)LJ7KHVHUHVXOWVSURYLGHD
SUHYLHZLQWRWKHGHJUHHRIUHVROXWLRQWKDWPD\EHSRVVLEOHXVLQJUHPRWHV\VWHPVLQWKHIXWXUH

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
)LJ&RPSDULVRQEHWZHHQK\SHUVSHFWUDOLPDJHVWDNHQDWWKHVDPHORFDWLRQQHDUWKHKLJKVXUIDFH&2IOX[]RQHEHWZHHQWKHDQGPVRLO
JDVZHOOWUDQVHFWVXVLQJDDLUERUQHK\SHUVSHFWUDOEWKH3KHQRPRELOHGXULQJ&KORURSK\OO1RUPDOLVHG'LIIHUHQFH,QGH[&KO1',YDOXHV
DUHGLVSOD\HG%RWKLPDJHVFRYHUWKHVDPHH[WHQWVHHZKLWHER[LQ)LJEIRUWKHORFDWLRQZLWKLQWKHILHOG3OHDVHQRWHWKDWWKLVILJXUHVKRZV
K\SHUVSHFWUDOGDWDIURPZKHUHDVILJXUHVKRZVK\SHUVSHFWUDOGDWDIURP7KHK\SHUVSHFWUDOPHDVXUHPHQWVWDNHQXVLQJWKH
SKHQRPRELOHKDYHPXFKJUHDWHUUHVROXWLRQDQGLQGLYLGXDOSODQWVFDQEHYLVXDOLVHG
  
)LJ([DPSOHSKRWRVLOOXVWUDWLQJWKHPXFKJUHDWHUJURXQGFRYHUIRUFDQRODOHIWFRPSDUHGWREDUOH\ULJKW3KRWRVZHUHWDNHQPDERYH
HDFKURZXVLQJWKH3KHQRPRELOH










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3.4. Surface CO2 concentration map 
*HRUHIHUHQFHGQHDUVXUIDFH&2FRQFHQWUDWLRQPHDVXUHPHQWVXVLQJD/,&25&2DQDO\VHUDQG7UXPHWHUVXUYH\
ZKHHOZHUHXVHGWRORFDWH&2VXUIDFHOHDNV)LJ0DQXDOWUDYHUVHVDFURVVWKHILHOGXSDQGGRZQWKHFURSURZV
 P DSDUW SURYLGHG D UDSLG DVVHVVPHQW WRRO IRU LGHQWLI\LQJ DEHUUDWLRQV LQ &2 FRQFHQWUDWLRQ UHODWLYH WR
EDFNJURXQG OHYHO DW KLJK UHVROXWLRQ 7KHPHDVXUHPHQW RI &2 FRQFHQWUDWLRQV ZHUH GHWHUPLQHG E\ VDPSOLQJ DW D
FRQVWDQW KHLJKW DERYH WKH VRLO VXUIDFH  FP DQG SURYHG WR EH VXFFHVVIXO SURYLGHG WKH ZLQG VSHHG ZDV ORZ
PHDVXUHPHQWV ZHUH WDNHQ HDUO\ LQ WKH PRUQLQJ 7KLV WHFKQLTXH GHWHFWHG &2 OHDNV HDUOLHU WKDQ VRLO IOX[
PHDVXUHPHQWVDQGDGHWDLOHGVXUYH\DFURVVWKH+DILHOGFRXOGEHFRPSOHWHGZLWKLQKRXUV



)LJ6XUIDFH&2FRQFHQWUDWLRQPDSGXULQJWKHUHOHDVH
3.5. CO2 soil flux 
7KH PRVW REYLRXV GLIIHUHQFH EHWZHHQ WKH HDUO\  DQG  UHOHDVH H[SHULPHQWV ZDV WKDW &2 OHDNDJH
H[SUHVVHGDWGLIIHUHQWORFDWLRQVDORQJWKHZHOOIRUWKHGLIIHUHQWH[SHULPHQWV&2ZDVUHOHDVHGDWWKHVDPHUDWHIRU
ERWKH[SHULPHQWV$VREVHUYHGLQRWKHUFRQWUROOHGUHOHDVHH[SHULPHQWVLQWHUQDWLRQDOO\>@WKHVXUIDFHH[SUHVVLRQ
RI&2GXULQJWKHVHH[SHULPHQWVDVPHDVXUHGXVLQJDSRUWDEOHVRLOIOX[PHWHUZDVUHVWULFWHGWRORFDOL]HGDUHDV7KH
VXUIDFH H[SUHVVLRQ DW*LQQLQGHUUDZDV W\SLFDOO\ OHVV ³SDWFK\´ WKDQRWKHU FRQWUROOHG UHOHDVH VLWHV WKDW KDYH JUHDWHU
VDQG DQG JUDYHO VHGLPHQW FRQWHQW LQ WKHLU VRLOV >@ )RU WKH  ZHW UHOHDVH H[SHULPHQW WKH OHDNDJH ZDV
OLPLWHGWRDQLQWHQVHSULPDU\OHDN]RQHDSSUR[LPDWHO\P[P)LJD,QFRQWUDVWWKHOHDNIURPWKH
GU\UHOHDVHH[SHULPHQWZDVVSUHDGLQWKUHHVPDOOHUVSRWVRYHUDORQJHUOHQJWKRIWKHUHOHDVHZHOODQGGLGQRWDWWDLQ
WKHYHU\KLJKIOX[LQWHQVLWLHVREVHUYHGLQWKHSUHYLRXV\HDU)LJE7KHVHUHVXOWVXQGHUVFRUHWKHQHHGIRUEURDG
VFDOHGHWHFWLRQWHFKQRORJLHVRYHUNLORPHWHUVFDOHVWRILUVWGHWHFWVPDOOVFDOHIHDWXUHVEHIRUHWKH\FDQEHPDSSHGDQG
TXDQWLILHGXVLQJVRLOIOX[WHFKQLTXHV>@

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
)LJ$FRPSDULVRQEHWZHHQVXUIDFH&2VRLOIOX[DQG&2VRLOJDVPGHHSIRUWKHHDUO\UHOHDVHH[SHULPHQWZHWYHUVXVWKHODWH
UHOHDVHH[SHULPHQWGU\5HOHDVHUDWHIRUERWKH[SHULPHQWVZDVNJG6RLOJDVWUDQVHFWVDFURVVWKHZHOORFFXUDWDQGPIURPWKH
ZHVWHUQHQGRIWKHKRUL]RQWDOZHOO(OHYDWHG&2FRQFHQWUDWLRQLQWKHVRLOJDVZHOOVWKDWDUHFRQVLVWHQWZLWKH[RJHQRXV&2>@DUHKLJKOLJKWHG
LQRUDQJH

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3.6. Soil gas concentration 
$Q DUUD\ RI P GHHS VRLO JDVZHOOV SURYLGHG LQVLJKW LQWR WKHPLJUDWLRQ SDWKZD\V RI &2 LQ WKH VXEVXUIDFH
VKRZLQJDPXFKEURDGHUGLVSHUVLRQRI&2LQWKHVXEVXUIDFHFRPSDUHGWRWKHVXUIDFH&2H[SUHVVLRQ)RUWKHHDUO\
ZHWUHOHDVH&2VXUIDFHH[SUHVVLRQZDVUHVWULFWHGWRWKHHDVWHUQSDUWRIWKHKRUL]RQWDOZHOO)LJFH9HU\
KLJK &2 FRQFHQWUDWLRQV DUH REVHUYHG LQ WKH VRLO JDV ZHOOV RXW WR  P ! )LJ H ,Q FRPSDULVRQ &2
FRQFHQWUDWLRQVLQWKHVRLOJDVZHOOVXQGHUGU\FRQGLWLRQVZDVPXFKPRUHHYHQO\GLVWULEXWHGDORQJWKHKRUL]RQWDOZHOO
DQGUDUHO\H[FHHGHG)LJIK.U\SWRQWUDFHUVFRQILUPHGWKDWWKHVSUHDGRIWKHLQWURGXFHGJDVHVLQWKHVXE
VXUIDFHZDVPXFKJUHDWHUWKDQWKHVXUIDFHH[SUHVVLRQZLWKGLIIHUHQWEHKDYLRXUREVHUYHGEHWZHHQWKHDQG
H[SHULPHQWV.U\SWRQZDVREVHUYHGXSWRPSHUSHQGLFXODUWRWKHZHOODWPGHSWKGXULQJEXWRQO\P
GXULQJWKHODWHUHOHDVHH[SHULPHQW7KHGLIIHUHQFHVEHWZHHQWKH\HDUVDUHDWWULEXWHGWRFKDQJHVLQJURXQGZDWHU
OHYHOVGULHUFRQGLWLRQVDQGDODUJHUYDGRVH]RQHGXULQJWKHH[SHULPHQW

)L[HGVRLOJDVHVVXFKDV2DQG1ZHUHDOVRLQYHVWLJDWHGDVDQHZO\GHYHORSHGDSSURDFKE\5RPDQDNHWDO>@
H[DPLQHVVHYHUDOUHODWLRQVKLSVDPRQJPDMRUIL[HGJDVHV&221WRGHWHUPLQHWKHVRLOJDVRULJLQ%DVHGRQWKLV
DSSURDFKVDPSOHVUDQJHGIURPEHLQJQRWRURQO\OLWWOHDIIHFWHGWRVWURQJO\DIIHFWHGE\WKHUHOHDVHH[SHULPHQW7KH\
DUHPDUNHG JUHHQ DQG RUDQJH UHVSHFWLYHO\ LQ )LJXUH FI 7KRVHZHOOV ZLWK HOHYDWHG &2ZHUH DOO LGHQWLILHG DV
H[RJHQRXV&2DGGLWLRQVXVLQJWKHVRLOJDVUDWLRV
3.7. Eddy covariance 
(GG\FRYDULDQFH(&WRZHUVZHUHGHSOR\HGDWWKHVLWHIRUGLIIHUHQWH[SHULPHQWVZLWKWKHREMHFWLYHWRGHWHFWDQG
TXDQWLI\ &2 HPLVVLRQV 'XULQJ WKH  H[SHULPHQW WZR (& WRZHUV ZHUH LQVWDOOHG DW WKH VLWH 7RZHU $ ZDV
DSSUR[LPDWHO\P6((IURPWKHFHQWUHRIWKHPDLQSOXPHZKHUHDVWRZHU%ZDVP6(RIWKHPDLQSOXPH)LJ
7KHFORVHU7RZHU%ZDVRSHUDWLRQDO IRURQO\ZHHNVGXULQJ WKHUHOHDVH&2 OHDNVZHUHGHWHFWHGDERYH WKH
EDFNJURXQG DQG WKH GLUHFWLRQ RI WKH OHDN FRQILUPHG LQGHSHQGHQWO\ IRU ERWK WRZHUV )LJ  +RZHYHU DQDO\VLV
VKRZHGWKDWFXUUHQWPHWKRGVRI(&DUHQRWDSSURSULDWHIRUTXDQWLI\LQJWKH&2OHDNDVPXFKRIWKH&2IOX[LVORVW
WKURXJKDGYHFWLRQDQGGLIIXVLRQEHORZ WKHPHDVXUHPHQWKHLJKW7KLV LVEHFDXVH WKH IRRWSULQWRI WKH OHDN LVPXFK
VPDOOHUWKDQWKHIRRWSULQWWKDWWKH(&WRZHUFDQPHDVXUHUHVXOWLQJLQDKLJKO\KHWHURJHQHRXVV\VWHP


)LJ(GG\FRYDULDQFHPHDVXUHPHQWVRI&2IOX[XVLQJWZRWRZHUVGXULQJ'DWDLVILOWHUHGIRUGD\WLPHSHULRGV1HJDWLYHIOX[HVLQGLFDWH
VWURQJXSWDNHRI&2GXULQJWKHGD\GXHWRSKRWRV\QWKHVLV7KHJUHHQUHJLRQLQGLFDWHVWKH&2UHOHDVHSHULRG
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)LJ/D\RXWRIHGG\FRYDULDQFHWRZHUVDQGWKHLUDVVLJQHGGLUHFWLRQUDQJHIRUGHWHFWLRQ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3.8. Open path laser CO2 measurements 
$%RUHDO RSHQ SDWK ODVHU ZDV XVHG WR VFDQ DFURVV WKH SOXPH LQ WKH ILHOG RQ 'HFHPEHU  XVLQJ VHYHQ
UHIOHFWRUVDOODWWKHPKHLJKW7KHLQWHJUDWHG&2SDWKUHVSRQVHVDUHFRQVLVWHQWZLWKWKHVXUIDFHH[SUHVVLRQRIWKH
OHDNV DQG PDSSHG &2 VRLO IOX[ 5HIOHFWRUV  DQG  VKRZ WKH KLJKHVW SDWKDYHUDJHG &2 SHUWXUEDWLRQ DERYH
EDFNJURXQGDQGSSPUHVSHFWLYHO\7KHVHDUHORFDWHGGRZQZLQGRIWKHPDMRUOHDNVLWHDQGVPDOOHUOHDNWRWKH
HDVW)LJ5FURVVHVWKHZHVWHUQHGJHRIWKHSULPDU\OHDNEXWQRVLJQLILFDQWVLJQDOLVREVHUYHGVXJJHVWLQJWKH
SOXPHRULJLQDWLQJIURPWKHJURXQGLVEHORZWKHOLQHRIWKHODVHU$SSPSHUWXUEDWLRQLVREVHUYHGDORQJSDWK5
GRZQZLQGRI WKHPRVWZHVWHUQ OHDN 7KHVHSUHOLPLQDU\ UHVXOWV LQGLFDWH WKDW LW LV SRVVLEOH WRGHWHFW D SHUWXUEDWLRQ
DERYHWKHEDFNJURXQGVLJQDO7KHPHDVXUHPHQWVFRXOGEHSRWHQWLDOO\FRPELQHGZLWKSOXPHGLVSHUVLRQPRGHOVDQG
%D\HVLDQVWDWLVWLFVWRHVWLPDWHWKH&2OHDNDJHUDWH>@
3.9. Electromagnetics 
0HDVXUHPHQWV RI VRLO FRQGXFWLYLW\ZHUHPDGHZLWK D*HRQLFV(0ZKLFKPHDVXUHV VRLO FRQGXFWLYLW\ E\ DQ
LQGXFWLYHPHWKRG7KHHIIHFWLYHGHSWKRILQYHVWLJDWLRQHLWKHURUPDQGWKHVXUYH\GDWDZHUHORJJHGZLWKUHDO
WLPH*36FRRUGLQDWHVDWPKHLJKW6XUYH\VZHUHPDGHEHIRUHDQGGXULQJ&2UHOHDVHIRUERWKWKHODWHDQG
WKHUHOHDVHV'HVSLWHWKHGLIIHULQJVRLOVDWXUDWLRQRQWKHVHWZRRFFDVLRQVWKHSDWWHUQVRIVRLOFRQGXFWLYLW\ZHUH
YHU\VLPLODU7KHUHZHUHQRFKDQJHVLQFRQGXFWLYLW\DERYHDQRLVHOHYHORIDERXWH[FHSWIRUDOHDNLQJZDWHUSLSH
ZKLFK ZDV FRQYLQFLQJO\ GHWHFWHG WKLV OHDN DOVR VKRZHG XS LQ WKH WKHUPDO LQIUDUHG K\SHUVSHFWUDO LPDJHU\ 7KH
SDWWHUQ RI FRQGXFWLYLW\ DSSHDUV WR EH FDXVHG E\ IOXYLDO JUDYHO GHSRVLWV OLQNHG WR D SUHDJULFXOWXUH FUHHN EHG
+RZHYHU WKHUH DUH QR DSSDUHQW VPDOOVFDOH IHDWXUHV ZKLFKPLJKW EH DVVRFLDWHG ZLWK KLJKHU SHUPHDELOLW\ DQG WKH
GHYHORSPHQWRI WKHSDWFK\IOX[SDWWHUQ)LJ7KHGLVVROXWLRQRI&2LQJURXQGZDWHUZRXOGEHH[SHFWHGWREH
XQGHWHFWDEOHDWWKHOHYHORIUHSHDWDELOLW\RIRXUPHDVXUHPHQWV±P6P


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
)LJ7KHILJXUHVKRZVDWKHRSHQSDWK&2ODVHUPHDVXUHPHQWVRYHUODLGRQDQDHULDOSKRWRDQGVRLOIOX[PDSDQGWKHORFDWLRQRIWKH
UHIOHFWRUVDQGEWKHDYHUDJHSHUWXUEDWLRQDERYHEDFNJURXQGIRUHDFKRIWKHSDWKV
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3.10. Microbial surveys 
7KHUHVXOWVVKRZDFOHDUVKLIWLQWKHPLFURELDOFRPPXQLW\UHODWHGWRDVZLWFKIURPDHURELFWRDQDHURELFUHVSLUDWLRQ
QHDUWKH&2OHDNGXULQJWKHHDUO\UHOHDVHH[SHULPHQW7KLVVKLIWFDQEHLVRODWHGIURPHYHQVWURQJHUVHDVRQDO
LQIOXHQFHVE\VWDWLVWLFDODQDO\VHVNitrospiraDQGFirmicutesSK\ODLQFUHDVHLQQXPEHUVDIWHUWKH&2LQFUHDVH7KHVH
VSHFLHV DUH DQDHURELFPRUH DFLGPHWDO WROHUDQW VSHFLHVZKLFK LV FRQILUPHGZLWK WKH LQFUHDVH LQ IXQFWLRQDO JHQHV
UHODWHGWRPHWDOUHVLVWDQFHDQGELROHDFKLQJLQWKH*HR&KLSUHVXOWV7KHS+ZDVQRWREVHUYHGWRFKDQJHVLJQLILFDQWO\
DQGLVEXIIHUHGE\WKHVRLODQGWKHPLFURRUJDQLVPV


)LJ$EXQGDQFH3HUFHQWIURPWRWDOQXPEHURIUHDGVLQWKHVDPSOHRIFirmicutes$DQGNitrospira%LQVRLOVDPSOHVQHDUVKDGHGWKH
OHDNDQGDWDGLVWDQFH7KHDEXQGDQFHLVJLYHQDVDPHDQRIUHSOLFDWHV(UURUEDUVUHSUHVHQWWKHVWDQGDUGGHYLDWLRQRIWKHPHDQLQGLFDWHV
VLJQLILFDQWGLIIHUHQFHS
4. Conclusions 
x 6XUIDFHH[SUHVVLRQRI&2LVQRWXQLIRUPO\GLVWULEXWHGHYHQXQGHUKLJKO\FRQWUROOHGFRQGLWLRQVUDWKHULW
LVORFDOLVHGDQGSDWFK\H[SUHVVLQJDVVPDOOPLQGLDPHWHUKLJKLQWHQVLW\IOX[³KRWVSRWV´7KLVLV
FRQVLVWHQWZLWKREVHUYDWLRQVFRQGXFWHGLQWHUQDWLRQDOO\DWQDWXUDO&2VHHSDJHVLWHVDQGRWKHUFRQWUROOHG
UHOHDVHVWXGLHV

x 7KHORFDWLRQRIWKHVXUIDFHH[SUHVVLRQ LVDOVRGHSHQGDQWRQFOLPDWLFFRQGLWLRQVPRVWOLNHO\GXHWRWKH
LQIOXHQFHRIJURXQGZDWHUOHYHOVDQGWKHH[WHQWRIWKHYDGRVH]RQH

x 7KHODWHUDOH[WHQWRIWKHVXEVXUIDFHVRLOJDVIRRWSULQWLVJUHDWHUWKDQWKH&2VRLOIOX[VXUIDFHH[SUHVVLRQ
SDUWLFXODUO\XQGHUZHWFRQGLWLRQV

x &2LPSDFWVRQSODQWVFDQEHFOHDUO\REVHUYHGDWJURXQGOHYHO7KHUHLVVRPHHYLGHQFHWKDWVLPLODU&2
LPSDFWVFDQEHGLIIHUHQWLDWHGDJDLQVWRWKHUSODQWVWUHVVHVKHDWODFNRIUDLQXVLQJDLUERUQHK\SHUVSHFWUDO
PHDVXUHPHQWVEXWWKHDSSOLFDWLRQLVFXUUHQWO\OLPLWHGE\WKHKLJKOHYHORIIDOVHSRVLWLYHV

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x (& ZDV DEOH WR GHWHFW &2 OHDNV DERYH WKH EDFNJURXQG &2 IOX[ KRZHYHU H[LVWLQJ PHWKRGV DUH
FXUUHQWO\QRWVXLWDEOHIRUDFFXUDWHO\TXDQWLI\LQJOHDNVGXHWRWKHVPDOOORFDOLVHGQDWXUHRIOHDNVUHODWLYH
WRWKHDUHDEHLQJPHDVXUHG

x ,W LVSRVVLEOHWRGHWHFWDQGSRVVLEO\TXDQWLI\OHDNVXVLQJDQRSHQSDWK&2ODVHUVFDQQLQJRYHUDODUJH
DUHDZLWKVHYHUDOUHIOHFWRUV

x 0LFURELDOVXUYH\VVKRZDVKLIWLQWKHPLFURELDOFRPPXQLW\UHODWHGWRDVZLWFKIURPDHURELFWRDQDHURELF
UHVSLUDWLRQQHDUWKH&2OHDN

x 7KHSULPDU\PRQLWRULQJFKDOOHQJHLVWRGHWHFWVPDOOVFDOHOHDNIHDWXUHVRYHUODUJHDUHDVDQGWRUHGXFH
WKHQXPEHURIIDOVHSRVLWLYHV
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